We examined short-term geomagnetic changes related with the 2003 Tokachi-oki earthquake (M 8.0) and the 2004 Kushiro-oki earthquake (M 7.1) in Hokkaido, Japan. However, we could not find the precursory and coseismic signals above several nT at a magnetic station whose epicentral distances were about 120 km and 50 km, respectively. Model calculations showed that co-seismic piezomagnetic fields did not amount to 1 nT at the station in both cases when we assumed the relevant fault parameters, in-situ Curie temperature depth, subsurface magnetic structure and stress sensitivity of rocks. Therefore, it may be reasonable that we could not detect the piezomagnetic signals at the station. We also made model calculations to forecast the piezomagnetic amplitudes caused by M 7.9 and M 8.5 earthquakes which have been expected to occur along the southern Kurile trench in the future. The model calculations reveal the piezomagnetic fields up to about −4 nT and −7 nT are expected in the eastern part of the Hokkaido island for the M 7.9 and M 8.5 earthquakes respectively, encouraging magnetic observations hereafter.
Introduction
We had made magnetic observations at six stations in the eastern part of Hokkaido, Japan, until 1999. The observations depicted that anomalously large secular changes of the geomagnetic total force (about 1 nT/year) have lasted at least for about 3 to 30 years (depending on the period of observations) in the Pacific coast region of the eastern part of Hokkaido (Nishida et al., 2004) . Large amplitudes of the geomagnetic anomalies up to about ±1,700 nT are characteristic features in this region, suggesting the existence of highly magnetized rocks. The magnetic structure producing of the large magnetic anomalies was modeled by composition of 3-D rectangular magnetized blocks from near surface to about 10 km depth, assuming that each block has uniform magnetization (8∼10 A/m) parallel to the ambient geomagnetic field. Although the resolution of the deeper structure is poor and by no means unique in the present forward model calculation, the existence of highly magnetized bodies is probable from shallow depth to about 10 km. Only the horizontal projection of calculated magnetized blocks is shown by a shaded part in Fig. 4 because the model structure is somewhat complicated to represent. The readers may refer to Nishida et al. (2004) for further details.
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caused by the Pacific plate motion has been applied to the highly magnetized rocks. In addition to this, the piezomagnetic modeling also suggests the highly magnetized rocks have a larger stress sensitivity of 8.5 × 10 −3 MPa −1 (Nishida et al., 2004) than that of the ordinarily assumed value (1 ∼ 2 × 10 −3 MPa −1 ). In the present paper, we examine the short-term magnetic changes related with the 26 September 2003 M 8.0 Tokachi-oki earthquake and the 29 November 2004 M 7.1 Kushiro-oki earthquake at the AKS magnetic station (Figs. 1 and 2) situated in the large secular change region. We also make model calculations to forecast the piezomagnetic amplitudes caused by the M 7.9 and M 8.5 earthquakes which have been expected to occur along the southern Kurile trench in the future.
Seismic Activities Related with the Subduction of the Pacific Plate
M 8 class earthquakes along the southern Kuril-Japan trench show an episodic activity and have done heavy damage to the wide area of Hokkaido. The most recent episode started in 1952 and great earthquakes occurred successively along the Kuril-Japan trench as shown in Fig. 1 . The focal mechanism of these earthquakes is the low-angle thrust faulting which represents slip between the oceanic and continental lithospheres. Thus, these are called plate-boundary earthquakes. The episodic activity has a recurrence interval of about 100 years (e.g. Utsu, 1972) . In addition to these plate-boundary earthquakes, intra-plate earthquakes occurred in 1993 (M 7.5) and 1994 (M 8.2) as shown in Fig. 1 . Succeeding to these earthquakes, two plate-boundary earthquakes occurred in 2003 and 2004 (Fig. 2) . The slip distribution, estimated from tsunami wave forms, aftershock distributions and seismic wave forms, revealed that the whole area of the fault of the 2003 Tokachi-oki earthquake (M 8.0) overlapped only the western part of the fault plane of the 1952 Tokachi-oki earthquake (M 8.2), although the epicenter of the 2003 event was very close to that of the 1952 event (Tanioka et al., 2004) . This suggests the eastern part of the fault plane of the 1952 event has potential to generate a large earthquake in the future. Co-seismic horizontal principal strain of the 2003 event was estimated by Ueda and Takahashi (2005) as about (3 ∼ 4) × 10 −6 around AKS, based on the GPS observations. The GPS observations also showed no detectable precursory displacement at stations located 70 ∼ 240 km away from the epicenter, at least during 20 hours preceding the main shock (Irwan et al., 2004) . The precursory strain change, if any, should be less than 10 −7 . In the next year, the 2004 Kushiro-oki earthquake (M 7.1) occurred off the eastern part of Hokkaido (Katsumata and Yamanaka, 2006) . Takahashi (personal communication) estimated the co-seismic strain as (5 ∼ 10)×10 (e.g. Murakami, 2005) . Even after the 2004 event, the slow slip still proceeds and the eastern edge of slipping region migrates to the east, suggesting another earthquake will be triggered in the neighboring seismogenic region. Fault parameters of the 2003 and the 2004 events estimated from the inversion of the seismic data are shown in Table 1 to use them as parameters for piezomagnetic modeling in the latter section.
Magnetic Records
After three and a half years' closing since 1999, we reopened the magnetic field observation at AKS on June, 2003. Measurement has been made by a proton precession magnetometer every 5 minutes with a sensitivity of 1 nT. Since then, we encountered two seismic events which oc- We subtract magnetic field values at the reference station MMB (Memanbetsu Geomagnetic Observatory; Fig. 1 ) from the observed ones at AKS to discriminate the piezomagnetic signals at AKS. raw data of the magnetic total fields at MMB to indicate the degree of the external field disturbances such as magnetic storms and diurnal variations. As the simple difference between two stations cannot completely remove the regional differences of the external field disturbances nor the local induced magnetic fields, which are independent from the piezomagnetic changes, we established corrected differences to extract the piezomagnetic signals using the Wiener filter method by Davis et al. (1979) and Davis et al. (1981) as shown by bold curves. Although the corrected differences do not eliminate perfectly the effect of the abovementioned regional differences as shown in Fig. 3 , we cannot find clear manifestations of the short-term precursory and co-seismic signals, if any, above several nT in both cases. Then, to inspect the detectability of the piezomagnetic signals in both cases, we made model calculations as in the next section. Utsugi (1999 Utsugi ( , 2000 and Utsugi and Nishida (in preparation) have developed an analytical formula for the piezomagnetic potentials due to various types of pressure source within a non-uniformly magnetized medium. In order to represent the non-uniform distribution of the crustal magnetization, they assume that the crust is divided into a number of blocks and each block has its own magnetic properties, such as the magnetization and the stress sensitivity. The ge- omagnetic field change at a certain point is approximated by the sum of the piezomagnetic fields derived from each block. The piezomagnetic potential W k due to a magnetized block is expressed by a definite surface integral over the boundary surface S of the block (Sasai, 1991) : In the above, k indicates the k-th Cartesian component and n an outward normal to the surface S. δ kl denotes the Kronecker delta and u is the displacement vector due to pressure source. J k means the k-th component of the rock magnetization. We denote ρ as the distance between the location of the observation point r 0 and the arbitrary point r on S(ρ = |r 0 − r|). β is the stress sensitivity, and λ and μ Lame's constants. This definite surface integral cannot be solved analytically, in contrast with the indefinite integral as in the case of homogeneously magnetized half-space earth model (e.g., Sasai, 1991) . However, Utsugi (1999 Utsugi ( , 2000 and Utsugi and Nishida (in preparation) show that an integral with respect to either coordinate x i (= x or y or z) can be represented by an analytical form including elliptic integrals. Therefore, the surface integral over the block surface is reduced to the line integral. Through the numerical evaluations of the line integral, we can estimate the piezomagnetic field easily.
Model Calculations
We calculated the co-seismic piezomagnetic fields for the 2003 and 2004 events, applying the above-mentioned method. In the calculations, we need some parameters such as the fault parameters, the Curie temperature depth, the magnetization of crustal rocks, and the stress sensitivity of rocks. Then, we assumed the fault parameters as shown in Table 1 . In-situ Curie temperature depth was estimated by Okubo et al. (1989) as about 15 km. The magnetic structure and the stress sensitivity are described in Section 1.
The calculated results are shown in Nemuro-oki earthquake of M 7.1, we can expect only sub-nT changes at the maximum on land. Therefore, it is reasonable that we could not detect the piezomagnetic signals at AKS. Calculated piezomagnetic fields for the 2003 event amount to the maximum amplitude of about −2 nT in an area to the north of AKS, which should have been detectable by our observation system. Unfortunately, however, we had closed a station around there (station KKM in Nishida et al., 2004) .
Piezomagnetic Fields Caused by Expected-tooccur Earthquakes
As described in Section 2, migration of the slow slip after the 2003 event suggests another earthquake will be triggered in the neighboring seismogenic region. This predicted earthquake is hypothesized to occur off the Nemuro peninsula where the M 7.9 earthquake occurred in 1894 (Fig. 2) because the 1973 M 7.4 earthquake taken place off the Nemuro peninsula released only a part of the strain energy accumulated there (Shimazaki, 1974) . Headquarters for Earthquake Research Promotion (2003) presents the probability whether the predicted earthquake occurs within these 30 years as about 30% and anticipates the energy release of about two times as much as the 1973 event. The fault model is estimated as low-angle thrust faulting by Tanioka et al. (2007) as shown in Fig. 2 and Table 1 , based on the tsunami records of the 1894 event.
In addition to the above-mentioned expected-to-occur earthquake off the Nemuro peninsula, traces of prehistoric and historic tsunami deposits in the eastern part of Hokkaido have revealed unusually large tsunamis occurred about every 300∼500 years on average over the past 2,000∼7,000 years, most recently about 350 years ago (the 17 th century), suggesting occurrence of a great earthquake of M 8.5 in the present century (Hirakawa et al., 2000; Nanayama et al., 2003) . As it is difficult to predict the detailed seismic parameters at present, we hypothesize that the unusual tsunami earthquake of M 8.5 will come again in the future. proposed an optimal seismic source model shown in Fig. 2 and Table 1 to reproduce tsunami heights along the Hokkaido coast which were deduced from tsunami deposits: a low-angle thrust faulting with uniform 10 m slip of the western segment and uniform 5 m slip of the eastern segment may occur simultaneously along the Kuril-Japan trench axis to generate the M 8.5 earthquake.
We made model calculations to forecast the piezomagnetic amplitude caused by these two extected-to-occur earthquakes. Necessary parameters for the calculation, such as the Curie temperature depth, the subsurface magnetic structure and the stress sensitivity, are common to those described in Section 4.
The model calculations give the piezomagnetic fields up to about −4 nT and −7 nT in the eastern part of Hokkaido (Figs. 6 and 7) for the M 7.9 and M 8.5 earthquakes, respectively. We notice that the piezomagnetic field tends to be enhanced around the margin of the strongly magnetized blocks as seen typically in Fig. 4 . Such enhancement is explained by the fact that magnetic fields arising from the stress-induced magnetization tend to cancel one another within a uniformly magnetized block, while they do not at the boundary between the strongly and weakly magnetized mediums (Oshiman, 1990; Utsugi, 1999 Utsugi, , 2000 .
Discussion and Conclusion
We could not find significant magnetic signals related with the 2003 Tokachi-oki earthquake and the 2004 Kushiro-oki earthquake at the AKS station. Model calculations showed that co-seismic piezomagnetic fields did not amount to 1 nT at AKS in both cases despite the use of the strong magnetization and high stress sensitivity of the rocks around the station. The results may be due to too long hypocentral distances despite the large earthquake magnitudes.
A model calculation for an expected-to-occur earthquake of M 7.9 off the Nemuro peninsula shows the co-seismic magnetic change up to about −4 nT in the eastern part of Hokkaido. Another model calculation also reveals the coseismic magnetic field change up to about −7 nT for an expected-to-occur earthquake of M 8.5.
The results would be of much help for us to design the optimal arrangement of magnetometers to detect the coseismic signals. Considering the forecasted piezomagnetic amplitudes, we re-opened the magnetic stations at NEM, SHI, NIT and NIB as well as AKS shown in Nishida et al. (2004) • 10 50.3 ) on June, 2007. However, rough estimates show a small amount of precursory piezomagnetic signals, say only less than 0.1 nT/year, on land stations when we assume the linear accumulation of the strain caused by the Pacific plate motion during these about 80 years recurrence-interval for the Nemuro peninsula earthquake and 350 years for reappearance of the 17 th century earthquake. It would be difficult to discriminate precursory signals of piezomagnetic origin through our current system of observation (sensitivity of 1 nT) and we need more improved observations: for example, we approach the epicentral region through ocean bottom observations to detect more amplified signals (Utsugi, 1999; Utsugi and Nishida, in preparation) and/or try other attempts such as magnetic observations within boreholes at appropriate places on land because magnetic poles are expected to emerge along the wall of the borehole to enhance the piezomagnetic signals as predicted theoretically by Sasai (1994 Sasai ( , 2001 and Sasai et al. (2007) .
